Background Understanding how sex and tobacco exposure may modify lifetime risks for cancer mortality is important for effective communication of risk in targeted public health messages. Objective To determine lifetime risk estimates for cancer death associated with sex and smoking status in the United States. Methods A pooled cohort design using ten well-defined epidemiologic cohorts including middle-aged and older individuals was used to estimate the lifetime risk for cancer death at selected index ages, with death from non-cancer causes as the competing risk, by sex and smoking status.
increase due to an aging population. Cancer confers a substantial public health burden and accounts for approximately 25 % of all deaths in the United States [1] . Continued focus and effective communication to the public about modifiable risk factors for cancer and cancer death are therefore imperative. Smoking remains one of the more ubiquitous and preventable contributors to increased risk of cancer and cancer death [2] . Tobacco smoke has been causally associated with multiple cancer types [3, 4] . Much of these data come from the British Doctor's cohort, which has reported on [50 years of follow-up on 34,439 male physicians with detailed smoking habits [4] [5] [6] [7] .
There have been a variety of pharmacologic, public health, policy, legislative, and legal strategies employed to decrease tobacco use and exposure [8] [9] [10] [11] [12] [13] . However, large differences exist in tobacco use by education status, race, and ethnicity [12] , which may contribute to sex-and ethnic-specific differences in cancer incidence and mortality [14] . Also concerning is that the smoking rate among youth (grades 9-12) is *20 % and has not changed considerably since 2004 [15] . These trends should prompt continued efforts at reducing tobacco use and the development of more effective methods at communicating the risks associated with smoking [12] .
Lifetime risk (LTR) estimation is a concept that considers the cumulative risk of an individual developing or dying from a condition during his/her remaining lifetime. LTR estimates provide insight into the public health burden of disease and allow for targeted initiatives for those agegroups at greatest risk of disease or death [16] . An example of this is the widely publicized data on the LTR for breast cancer (1 in 8 women at age 40 years) [17] . Wide dissemination of this knowledge likely contributed to increased screening rates for breast cancer in the early 1990s [18] . The concept of LTR also allows for comparison of the public health burden between different diseases. It has been utilized to convey risk for cardiovascular diseases and has shed insight into the cumulative effect of risk factors [19] [20] [21] [22] [23] [24] [25] [26] . Another advantage of estimating LTR is the ability to account for competing risks and perhaps provide more clinically appropriate estimates for patient counseling and risk prediction [19] .
Lifetime risk estimates for cancer death in the United States have previously been generated for individual cancer types [17, [27] [28] [29] and are available from the Surveillance Epidemiology and End Results (SEER) program of the National Cancer Institute [30] . However, these studies and the SEER database have limited data on individual risk factor and health behaviors. The lifetime risk of cancer death has not been evaluated in a US population in a competing risk framework to date. The purpose of this study was to determine lifetime risk estimates for cancer death associated with sex and smoking status at selected ages using pooled data from well-defined US cohorts.
Methods

Study sample
Data for this study came from the cardiovascular lifetime risk pooling project of which detailed methods have been previously published [31] . Data from 18 US epidemiologic cohort studies were pooled to create the cardiovascular lifetime risk pooling project. All cohorts had to meet several criteria: (1) community-or population-based sampling or large volunteer cohort; (2) availability of at least one baseline examination at which participants provided demographic, personal, and medical history information and underwent direct measurement of physiologic and/or anthropometric variables (e.g., blood pressure, weight); (3) longitudinal follow-up of at least 10 years with complete or near-complete ascertainment of vital status; and (4) availability of cause-specific or cardiovascular mortality data with or without ascertainment of non-fatal cardiovascular events. Datasets with cause-specific cancer mortality were included in this study. These cohorts consist of the Atherosclerosis Risk in Communities (ARIC) Study, Chicago Heart Association Detection Project in Industry (CHA), Framingham Heart Study (FHS), Framingham Offspring Study (FHSOFF), Honolulu Heart Program (HHP), the Hispanic EPESE (HISEP), the First National Health and Nutrition Examination Survey I Epidemiologic Follow-up Study (NHEF), NHANES II Mortality Study (NHEFII), and Puerto Rico Heart Health Project (PRHHP). The foregoing data were obtained from limited access datasets available from the National Heart, Lung and Blood Institute. Data from the WHI-OS were obtained directly from the study in agreement with the investigators. All data were appropriately de-identified, and all study protocols and procedures were approved by the IRB at Northwestern University.
Smoking status measures and event ascertainment
Participants were stratified according to self-reported smoking status levels as measured within three years of each index age. For example, self-reported smoking status measured between ages 42 and 48 was included in the analyses for age 45. Smoking status was categorized as current smoker (typically within 1 year) versus former or non-smoker. Events were ascertained using several strategies selected by each cohort's investigator group. For death events, many cohorts used linkage to the National Death Index for underlying cause of death from death certificate data, whereas others used adjudicated cause of death by study investigators after review of all available medical records and/or autopsy data. For the present analyses, allcause mortality and deaths due to cancer (as adjudicated or indicated by ICD-9 codes 140-208, or equivalent codes from ICD-8 or 10) were included. Prior studies suggest high concordance between underlying cause of death as adjudicated by trained physician adjudicators and cause of death obtained from death certificates, especially for cancer as the underlying cause of death [32] .
Statistical analyses
To calculate lifetime risk, a modified technique of survival analysis was used, as described previously [22, 33] . Participants contribute information on the incidences of cancer death and non-cancer death for each age they attained during follow-up. Participants could enter the sample at any age and contribute person-time to follow up if smoking status was known at the index age. Age-specific hazards, incidence rates, cumulative incidence, and survival probabilities were calculated as in a Kaplan-Meier analysis [34] . Because the Kaplan-Meier cumulative incidence does not reflect the competing risk for death from causes other than cancer, adjustment was made for this competing risk to yield a true remaining lifetime risk for cancer death [35] .
Each subject in the study sample was followed up from entry until the occurrence of death, attainment of 95 years of age, or the last clinic examination or medical contact for which follow-up data were available. Remaining LTR estimates for cancer death were stratified by smoking status and were calculated separately for men and women beginning at index ages 45, 55, 65, and 75 years. Given the uncertainty associated with small numbers, LTR estimates are only reported to ages where weighted person-time exceeded 100 person-years. Statistical analyses were performed using SAS statistical software, version 9.1 (SAS Institute, Inc., Cary, NC, USA).
Results
Baseline characteristics
The mean age at entry in the 10 cohort studies ranged from 36.9 to 74.6 years, and average follow-up time ranged from 5.4 to 35.5 years ( Table 1 ). The number of participants and total follow-up time varied by index age: for example, for index age 55 years, there were 13,901 men and 4,786 women followed for a total of 203,993 person-years, during which time 2,583 cancer deaths and 8,815 total deaths occurred. The proportion of participants with death due to (Table 2) . Except for the NHEF cohort at age 45, the LTR of death from cancer is consistently greater for men than for women. Among men, the HHP cohort of Japanese-American men had the highest LTR for cancer death, 26.8 %, at age 45 years. The Hispanic cohort (HISEP) generally had the lowest LTR for cancer death, especially for men. Figure 1 illustrates both the unadjusted Kaplan-Meier cumulative incidence (KMCI) and lifetime risk (LTR) for cancer death from four representative cohorts (CHA, FHS, NHEF, and NHEFII). The difference between the KMCI and LTR curves within each sex represents the contribution of competing risk of death from other causes. As reflected in Fig. 1 , there is a larger contribution of competing risk of death for men compared to women at ages 45, 55, and 65 years. The competing risk of death appears to remain similar across all index ages for women.
Pooled risk estimates-effect of sex and smoking Table 3 displays the pooled lifetime risk for cancer death (adjusted for competing risk of non-cancer death) stratified by sex and smoking status. Current smoking (compared with non-smoking status) is associated with greater LTR for cancer death for both sexes at all index ages, although to a greater extent in men. Adjustment for competing risk of death in LTR estimates (compared with KMCI estimates) results in a greater difference for men and smokers than for women and non-smokers (Fig. 2) . The competing risk of death from non-cancer causes, such as cardiovascular disease, visually represented by differences in the KMCI and LTR curves, contributes a greater proportion of risk to male smokers across all index ages. For both men and women, smoking is associated with an accelerated lifetime risk for cancer death. Table 4 displays the median time (in years) that the cumulative risk of cancer death exceeds 10 % depending on age, sex, and smoking status. For example, at age 45, male and female smokers will exceed a 10 % risk of cancer death 9 years prior to nonsmoking counterparts (34 vs. 25 years). This trend is similar across all index ages for both sexes, indicating that cancer deaths occur at substantially younger ages among smokers, causing overall greater life-years lost.
Discussion
Principal findings
Prior research on lifetime risk for cancer death has focused on specific cohorts, individual cancer sites [17, 27, 28, 36] , and non-US populations [4, 37] . This study determined lifetime risk estimates for cancer death in the United States stratified by sex and smoking status using a pooled cohort study design. The estimates obtained were remarkably similar to those generated by the nationally representative SEER database. Unlike SEER, our pooled cohort provides the ability to convey estimates stratified by individual risk factors, such as sex and smoking status. To our knowledge, this study is the first of its kind in a US population. As highlighted in Fig. 2 , the lifetime risk for cancer death decreases with advancing index age across all cohorts. Since these curves mirror the unadjusted death rates (KMCI), this decrease appears predominantly due to depletion of individuals susceptible to death from cancer through middle age, in addition to increase in competing risk of death from other causes with aging. The overall greater competing risk of death in men compared to women across all index ages, as estimated by the difference in the KMCI and LTR plots, is likely due to an increased burden of cardiovascular morbidity and mortality [21, 22] . Previous work in single cohort has shown that the lifetime risk for cardiovascular death is highly associated with cumulative cardiovascular risk factor (hypertension, hyperlipidemia, diabetes, and smoking) burden [20] . Of interest, in those studies, the risk for non-cardiovascular disease death was also dependent on the aggregate burden of cardiovascular risk factors [20] . Our results are consistent with these previous results showing a greater competing risk of death in men.
Regardless of sex, smokers have a substantially greater lifetime risk of cancer death, and this difference persists across all index ages. This contrasts with lifetime risk data for cardiovascular disease, for which smokers and nonsmokers tend to have similar risks [22] . This contrast is likely due to mechanistic differences in disease development as tobacco use appears to contribute to earlier risk of cardiovascular death compared to an overall increase in the risk of cancer death. Non-smokers tend to live substantially longer than smokers and develop cardiovascular events substantially later in life than smokers, resulting in a similar overall lifetime risk for cardiovascular disease, but substantially later events, longer years lived free of disease, and compression of morbidity for non-smokers. The fact that non-smokers have a decreased lifetime risk for cancer death across all ages implies that any decrease in tobacco exposure at the population level could lead to persistent decreases in cancer deaths and improved longevity.
Although there has been a marked decrease in smoking prevalence during the decades of observation during which the diverse cohort studies followed their participants (as well as a decline in cardiovascular disease death rates), we observed little evidence of birth cohort effects across our cohorts in lifetime risks for cancer death, whether considered overall or stratified by smoking status [31] . It appears that once a risk factor like smoking is present, it is associated with fairly constant relative and absolute risks, regardless of birth cohort, as is the case for the major cardiovascular risk factors. We did observe some evidence of racial/ethnic differences in cancer death rates, as indicated by the modest differences in lifetime risk for cancer death we observed between cohorts in our study.
Potential limitations
Current smoking status was assigned at each index age, and our data did not allow us to examine the effect of smoking cessation at later ages during follow-up. However, inclusion of individuals who later stopped smoking at a given index age would, if anything, tend to underestimate lifetime risks for cancer death among smokers. Likewise, current smoking status at a given age is the information available to a clinician and patient during a clinical encounter, and later smoking cessation is difficult to predict. Our study utilized a pooled cohort study design for analyses of lifetime risk by smoking status. Limitations of this approach may include different follow-up periods and number of cancer deaths for each cohort, and potential for birth cohort effects. Site-specific cancer death information was only available for a small number of cohorts and thus was not included in the analysis. By design, the individual cohorts were also composed of different sex, ethnic, and racial proportions. This could limit the generalizability of our results. However, our LTR estimates for cancer death were remarkably similar to nationally representative data from SEER, the effect of smoking was remarkably similar across the diverse cohorts, and our pooled design tends to diminish birth cohort effects and secular trends, since individuals from multiple birth cohorts and subgroups contribute information for each age attained during followup [31] .
Clinical implications
Conveying risk information to patients and the public can be difficult. The sheer volume of risk information for multiple chronic diseases can overwhelm any meaningful public health message. Numerous variables can affect whether or not risk is conveyed in an effective way to impact health outcomes including sex, health beliefs, and format of the risk message [38] [39] [40] . For example, Timmermans et al. [40] found that visual representation of population figures (as opposed to percentages and frequencies) had the highest affective impact and perceived risk in hypothetical health scenarios. Our results could contribute a novel approach of estimating overall lifetime risk with individual risk factor information, and thus the ability to tailor risk estimates.
An interesting comparison is information conveyed in 10-year versus lifetime risk estimates. Significant limitations with 10-year risk estimation have been discussed in detail in the cardiovascular literature [19] . Younger individuals tend not to exceed 10-year risk estimates of cardiovascular disease (CVD) of greater than 10 %, even for individuals with substantial burden of risk factors [41] . However, the lifetime risk for developing atherosclerotic cardiovascular disease at 50 years of age is 68.9 % for men and 50.2 % for women with 2 or more major risk factors [22] . Individuals with optimal levels of all risk factors at age 50 years have a dramatically lower remaining lifetime risk for CVD (5.2 % for men, 8.2 % for women), indicating that primordial prevention strategies could significantly impact disease burden. Similar limitations are seen with risk estimates related to cancer. On the basis of 10-year risk data for a 45-year-old man, 9/1,000 smokers will die of lung or colon cancer compared to 2/1,000 non-smokers [29] , an absolute difference of 0.7 %. In contrast, our results show that a 45-year-old male smoker has a 28 % lifetime risk of cancer death compared to 16 % for a non-smoker, representing a 75 % increase in lifetime risk. In terms of patient counseling, the risks conveyed in 10-year risk estimates to younger age-groups may not fully convey the long-term hazards of behaviors such as smoking. Physician visits are often limited in scope, and delivery of understandable information in a timely manner is paramount to effective patient care. Statistical risk models, such as the Gail model used in breast cancer, are not perfect but can provide clinicians with accurate estimates of risk to help guide patient care, surveillance, and clinical decision making [42] [43] [44] . Our results could provide the foundation for a risk calculator or integrated alert in an electronic medical record that clinicians could use to deliver lifetime risk and longevity estimates to guide smoking cessation efforts.
Public health implications
With the aging of the population, cancer cases and deaths are expected to increase in total number [45, 46] . Public health messages to promote cancer prevention strategies should focus on modifiable risk factors with the potential to attenuate this trend. A substantial portion of the US population continues to use tobacco, and rates have plateaued. Prior research has shown that smoking cessation contributes to real declines in morbidity and mortality from a variety of causes, including cancer [47] [48] [49] . Incorporating lifetime risk information in public health messages and anti-smoking campaigns could result in a more effective message similar to the message of lifetime risk for breast cancer (1 in 8 for women at age 40 years) that was publicized to increase mammography rates [17, 18] . These estimates could also help predict future population disease burden and decisions regarding distribution of resources for smoking cessation and prevention. Our data provide researchers and health policy experts with evidence that continued efforts at decreasing tobacco use could lead to further declines in cancer death burden and significant lifeyears gained, especially if this message is targeted at younger age-groups.
